Introduction {#Sec1}
============

Marine algae have attracted a lot of attention in the last few years. Besides their important ecological role in the ocean, marine algae contain significant quantities of vitamins, minerals, dietary fibers, proteins, polysaccharides, and various functional polyphenols while nutrient contents can vary with species and geographical location, season, and temperature. Algae, rich in nutrition elements of interest, are traditionally consumed as food in East Asian countries, especially in Korea, Japan, China, and Indonesia. Algae contain a large amount of phycocolloids such as agar, alginate, and carrageenan, which have been utilized as gelling agents and emulsifiers in the food and pharmaceutical industries (Liu et al. [@CR66]; Andrade et al. [@CR5]).

Over the last few years, there have been more investigations in the research into new bioactive natural molecules and valuable metabolites from seaweeds having an economic impact. For example, sulfated anionic polysaccharides have been reported to exhibit anti-inflammatory (Mhadhebi et al. [@CR69]), antioxidant (Costa et al. [@CR24], Chale-Dzul et al. [@CR18]), antiviral (Eom et al. [@CR30]), antimicrobial (Kantachumpoo and Chirapart [@CR49]), and antiproliferative (Lowenthal and Fitton [@CR67]; Ermakova et al. [@CR31]) activities. Proteins also exhibit a potent bioactivity as antioxidant, antityrosinase, antihypertensive, anticoagulant, and antitumor (Suetsuna et al. [@CR99]; Heo et al. [@CR41]; Bondu et al. [@CR16]).

For many years, phenolic compounds from brown algae have been widely studied for their biological activities. Phenolic compounds also called phlorotannins are secondary defense metabolites synthesized during development as components of algal cell walls (Schoenwaelder and Clayton [@CR88]) or as chemical defense in response to abiotic and biotic stress conditions, such as UV radiation, grazing, bacterial infection, and epiphytism, as well as in intra- and interspecific communication (Burtin [@CR17]; Koivikko [@CR54]). Phlorotannins correspond to polymerization of phloroglucinol monomer units containing both phenyl and phenoxy units (Li et al. [@CR63]). Accumulation of these phloroglucinol-based phenolics contributes to the strong antioxidant activity against free radical-mediated oxidation damage (Kang et al. [@CR47]; Fujii et al. [@CR33]). They also show other potential bioactivity such as a bactericidal, antiviral, and anticancer activity and radio protective and antiallergic effects (Li et al. [@CR63]; Eom et al. [@CR29]; Le Lann et al. [@CR61]).

In the last decades, natural bioactives from plant, fungal, and marine sources are actively investigated as replacements for synthetic antioxidants currently used as food additives. Even if phenolic compounds are sensitive to extraction techniques based on heat or solvent use (Kadam et al. [@CR46]), conventional solid--liquid extraction is frequently used to extract bioactive compounds from algae. There is no standardized protocol for the phenolic compound extraction, as each species produces different chemically structured phenolic compounds. Principal characteristic of solid-liquid extraction method is the utilization of organic toxic solvents and is often time-consuming. As stated by Ibanez et al. ([@CR42]), a green chemistry technology concerns and searches for alternatives in order to reduce hazardous chemical exposure to humans and the environment, prevent the waste, and improve the extraction yield. Several methods have appeared, namely supercritical fluid and pressurized liquid extraction and microwave-, ultrasound-, and enzyme-assisted extraction (Michalak and Chojnacka [@CR70]).

Sulfated fucans and alginates encompass the main portion of the wall in brown algae (up to 45% of algal dry weight), while cellulose only accounts for a small fraction (1--8% of algal dry weight). Proteins, phlorotannins, and halide compounds (i.e., iodide, bromide, and chloride) are additional components in brown algal cell walls (Deniaud-Bouet et al. [@CR26]). The chemical and structural complexity of brown algae cell walls and their heterogeneity have become the main drawbacks during the extraction process (Jeon et al. [@CR45]; Wijesinghe and Jeon [@CR107]). These drawbacks decrease the extraction rate and efficiency. As a consequence, the degradation of algal cell wall must be taken into consideration when choosing an extraction method since it is an important step in the release of active compounds (Wijesinghe and Jeon [@CR107]). Application of enzyme in degrading the cell wall of algae has been considered for the past decades as it has been proven to be effective in improving the yield of active compounds and enhancing the bioactivity (Hardouin et al. [@CR39]; Kulshreshtha et al. [@CR56]; Olivares-Molina and Fernández [@CR72]).

As an invasive species that is widely spread along the European Atlantic coasts (Plouguerné et al. [@CR78]; Tanniou et al. [@CR102]), the brown macroalga *Sargassum muticum* is one of the most readily available Sargassaceae species in Europe and has been remarked as a potential sustainable source of bioactive compounds. The genus *Sargassum* is known to produce interesting phenolic compounds of high molecular weight, 5000 and 14,000 Da (Le Lann et al. [@CR60]), which demonstrated biological activities such as antifouling, antiproliferative, antiangiogenesis, and antioxidant.

The aim of this work is to propose the use of nonselective commercial carbohydrase and protease as a tool to improve the extraction efficiency of phenolic compounds from *S. muticum*. Recovery and characterization of total phenolic content and bioactivities of the water-soluble fractions were determined, and results were discussed in relation to the different enzymes used during extraction. Evaluation of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant power (FRAP) antioxidant, tyrosinase, elastase, and biofilm inhibition and antibacterial and antiviral activities as well as evaluation of cytotoxicity were performed in vitro. Solid-phase extraction was conducted to obtain a phlorotannin-enriched fraction.

Materials and methods {#Sec2}
=====================

Algal biomass collection {#Sec36}
------------------------

The brown alga *Sargassum muticum* (Yendo) Fensholt was collected in June 2014 from the rocky shore of St. Gildas de Rhuys peninsula, South Brittany, France (47° 30′ 03″ N, 2° 50′ 12″ W). Apical parts of *S. muticum* thalli were cut and placed in closed boxes to avoid direct contact with sunlight. The collected algal materials were rinsed with tap water to remove the epiphytes and other residual sand. They were ground with a Jupiter's Universal grinder (Wernau, Germany) using a 3-mm perforated grill, lyophilized, and the dry algal materials were stored in the dark for further analysis.

Enzyme-assisted extraction of *S. muticum* {#Sec3}
------------------------------------------

Approximately, 6.5% of dry algal material (19.5 g of dry material) was diluted in 300 mL of distilled water and 2.5% (of dry algal material) commercial enzyme was added. The eight enzymes used were two proteases Neutrase and Alcalase and six carbohydrases Ultraflo, Amyloglucosidase (AMG), Shearzyme, Termamyl, Viscozyme, and Celluclast. Extraction without enzyme or aqueous extract served as negative control. Figure [1](#Fig1){ref-type="fig"} illustrates the enzyme-assisted extraction (EAE) of *S. muticum*.Fig. 1Enzyme-assisted extraction of *S. muticum*

Sample solutions were incubated for 3 h at 50 °C. Prior to filtration, all samples were denatured for 15 min in 90 °C. Soluble enzymatic extracts were frozen and lyophilized for further analysis. Insoluble enzymatic extracts (residual materials) were stored in −20 °C for total phenolic analysis to determine the insoluble phenolic compounds that may not be digested by the enzymes. All *S. muticum* enzymatic extracts were prepared in triplicates.

Total phenolic content analysis {#Sec4}
-------------------------------

Folin-Ciocalteu method is commonly used for measuring the total phenolic content (TPC). This assay is based on the reduction-oxidation (redox) reactions, which are usually considered to be relatively stoichiometric and on the redox potential of the phenolic hydroxyl group (Hagerman and Butler [@CR38]).

Briefly, 0.5 mL of samples or standard (Phloroglucinol) was added to 0.5 mL 95% ethanol. And 2.5 mL H~2~O was then added, followed by 0.25 mL of Folin-Ciocalteu reagent (50%, *v*/*v*). All samples were agitated and left to stand for 5 min. Finally, 0.5 mL of Na~2~CO~3~ solution (5%) was added. Optical density was read against the blank at 725 nm. Phloroglucinol was used as standard prepared in different concentrations ranging from 0 to 100 μg mL^−1^ (Chandler and Dodds [@CR20]; Heo et al. [@CR41]; Wang et al. [@CR105]).

Free radical *scavenging* activity {#Sec5}
----------------------------------

DPPH is a stable free radical. DPPH assay is based on the theory that a hydrogen donor is an antioxidant. It measures compounds that are radical scavengers. DPPH shows a strong absorption maximum at 517 nm. This analysis is based on modified method of Yen and Chen ([@CR109]) and Chen et al. ([@CR23]).

A series of butylated hydroxytoluene (BHA), butylated hydroxyanisole (BHT), and ascorbic acid solutions---serves as standard---in different concentrations was prepared (2--50 μg mL^−1^). 0.25 mM of DPPH solution was introduced to 100 μL sample solution. Sample solutions of *S. muticum* enzymatic extracts were made in different concentrations by diluting the stock solution in methanol (0--1000 μg mL^−1^). Before reading the optical density at 517 nm, all samples were incubated at 40 °C for 30 min. Percentage of inhibition was calculated using the following formula:$$\documentclass[12pt]{minimal}
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IC~50~, corresponding to the concentration sufficient to obtain 50% of a maximum scavenging capacity, of samples was determined based on the regression obtained from dose--response curve.

Ferric reducing antioxidant power {#Sec6}
---------------------------------

This method is based on the reduction of a ferric ion analogue, the complex of tripyridyltriazine Fe(TPTZ)^3+^, to the intensely bluish color complex of Fe(TPTZ)^2+^ by the presence of antioxidants in acidic medium. Then, the results were obtained from the absorbance at 593 nm and expressed as micromolar Fe^2+^ equivalents (Benzie and Strain [@CR13], [@CR14]). The TPTZ reagent consisted of 300 mM of acetate buffer with pH 3.6, 10 mM 2,4,6-tripyridyl-*s*-triazine (TPTZ), and 20 mM FeCl~3~·6H~2~O solution. Fifty microliter of *S. muticum* enzymatic extract was introduced in a microplate mixed with 150 μL reagent. After 15 min incubation, the absorbance was read at 593 nm. The results were expressed in micromolar equivalent to FeSO~4~·7H~2~O (Shahwar et al. [@CR91]).

Tyrosinase inhibition activity {#Sec7}
------------------------------

Inhibition of tyrosinase activity was performed based on Chan et al. ([@CR19]) and Lim et al. ([@CR64]). Phosphate buffer (80 μL) was introduced to 20 μL of *S. muticum* enzymatic extract (100 μg mL^−1^) added to 20 μL of 50% (*v*/*v*) dimethyl sulfoxide (DMSO). Later, 40 μL of [l]{.smallcaps}-3,4-dihydroxyphenylalanine ([l]{.smallcaps}-DOPA) and 40 μL of mushroom tyrosinase enzyme were added to complete the reaction. Before reading the absorbance at 475 nm, all microplates were incubated at 37 °C for 30 min. Quercetin and kojic acid served as standards prepared in different concentrations (0.02--0.4%). All reactions were made in triplicate. Percentage of inhibition was calculated using the following formula:$$\documentclass[12pt]{minimal}
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Elastase inhibition activity {#Sec8}
----------------------------

As an inhibitor, trypsin inhibitor type II-O was used, prepared in phosphate buffer in final concentration 1 g L^−1^. All tested samples were dissolved in 10% (*v*/*v*) DMSO with final concentration same as standard (1 mg mL^−1^). The activity of porcine pancreatic elastase (type I; Sigma Chem. Co) was examined using substrate (*N*-methoxysuccinyl-ala-ala-pro-val-*p*-nitroanilide/*N*-Suc-(Ala)~3~-nitroanilide), and the release of *ρ*-nitroaniline was measured at 405 nm.

The reaction of 20 μL samples (1 μg mL^−1^) was carried out in 80 μL of 100 mM Tris and 500 mM NaCl pH 8, 50 μL of 0.4 U mL^−1^ elastase solution, and 50 μL of 0.64 mM substrate. Elastase inhibition was assessed every 10 min at 25 °C for 40 min. The same reactions were applied for the standard, but the volume of standard introduced in the well ranged from 0 to 100 μL (*C* ~f~ = 0--0.5 μg mL^−1^) in order to obtain the calibration curve. All reactions were made in triplicate (Sallenave et al. [@CR83]).

The percentage of inhibition of elastase was calculated as follows:$$\documentclass[12pt]{minimal}
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Biofilm inhibition activity {#Sec9}
---------------------------

This test is based on the crystal violet assay (Adetunji and Isola [@CR1]; Welch et al. [@CR106]). *Pseudomonas aeruginosa* and *Escherichia coli* (Gram-negative bacteria) were chosen as biofilm forming bacteria. Prior to analysis, bacterial solution of 1.5 × 10^8^ cells in sterilized 10% (*v*/*v*) saline water was made by incubating the bacteria culture in Lysogeny broth (LB) sterile medium at 37 °C for 24 h. Lysogeny broth medium was composed of Tryptone and yeast extract prepared in sterilized saline water. Bacteria culture was centrifuged for 5 min at 5000 rpm, and the supernatant was discarded. The remaining pellet was dissolved in 10% physiological sterile water.

Bacterial solution (200 μL) was introduced into a sterile 96-well microplate and left for 24 h at 37 °C in order to allow the bacteria to form a film layer in the microplate. After a 24-h incubation, the plate was washed two times with the 10% physiological sterile water. Then, 200 μL of *S. muticum* enzymatic extracts (1 mg mL^−1^) dissolved in LB was added to the microplate and incubated for 24 h at 37 °C. In the next 24 h, the microplate was rinsed two times with physiological sterile water and 200 μL of 10% crystal violet (*v*/*v*)---prepared in ultrapure water---was added. Fifteen minutes after the crystal violet was added, the microplate was rinsed and the biofilm formed in the microplate was suspended in 200 μL of ethanol. The microplate was read in 600 nm. Negative and positive controls consisted of sterilized saline water and bacteria were applied. Both the control and the samples were made in triplicates.

Antibacterial activity {#Sec10}
----------------------

The agar diffusion method (Bauer et al. [@CR12]) was chosen for evaluating the antibacterial activity of *S. muticum* enzymatic extracts. Two Gram-positive bacteria---*Staphylococcus hominis* and *Bacillus subtilis*---as well as two Gram-negative bacteria---*P. aeruginosa* and *E. coli*---were chosen for this test. These bacteria were prepared in LB medium with bacterial density 1.5 × 10^8^ cfu mL^−1^. Bacterial suspension was poured on solidified LB agar media and incubated for 1 h at 37 °C.

For screening, *S. muticum* enzymatic extract of 5 mg mL^−1^ was prepared in sterile physiological water. Twenty microliters of sample solution---extract solution or positive control (phosphomycin, ampicillin, and streptomycin at 1 mg mL^−1^)---was added to sterile paper discs. All samples were in triplicate. Petri dishes were then incubated at 37 °C for 48 h. The zone of inhibition was established on the agar media and was then measured and expressed in centimeters.

Antiviral and cytotoxicity activity {#Sec11}
-----------------------------------

Antiviral activity of *S. muticum* enzymatic extracts and their cytotoxicity were analyzed. For cytotoxicity, the kidney cells of African green monkey (Vero cells) were used. Herpes simplex virus type 1 (HSV-1) model was used to determine the antiviral effect.

One hundred microliter of cell suspension (3.5 × 10^5^ cells mL^−1^) in Eagle's MEM containing 8% FCS was incubated with 50 μL of diluted enzymatic extract (concentration from 10 to 500 μg mL^−1^) in 96-well plates (72 h, 37 °C, 5% CO~2~). Three replicates were infected using 50 μL of medium and a virus suspension at a multiplicity of infection (MOI) of 0.001 ID~50~ cells^−1^. After incubation, antiviral activity was evaluated by the neutral red dye method. Zovirax, a commercial antiherpetic acyclovir (9-2(2-hydroxyethoxymethyl) guanine), was used as reference inhibitor (positive control).

For antiviral, 50% effective antiviral concentration (EC~50~) was expressed as the concentration that achieved 50% protection of virus-infected cells from virus-induced destruction. The optical density (OD) was related directly to the percentage of viable cells, which was inversely related to the cytopathic effect (CPE). The linear regression was determined for each assay on the basis of cell controls (0% CPE) and virus controls (100% CPE). Data were expressed as a percentage of protection (%*P*):$$\documentclass[12pt]{minimal}
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For cytotoxicity, 50% cytotoxic concentration (CC~50~) was defined as the concentration that reduced the OD of treated cells to 50 % of that of untreated cells. Data were expressed as a percentage of protection (%*D*):$$\documentclass[12pt]{minimal}
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Solid-phase extraction of *S. muticum* enzymatic extracts {#Sec12}
---------------------------------------------------------

Solid-phase extraction (SPE) was performed by using C-18 cartridges based on the method of Tanniou et al. ([@CR101]), with slight modification. Prior to the fractionation process, the cartridges were conditioned with the following elution: 20 mL methanol and 20 mL ultrapure H~2~O successively. Raw enzymatic extract (4 mL) was loaded into the cartridge and left to absorb the column. The phlorotannins were then eluted with 40 mL methanol 50% (*v*/*v*). Prior to elution, the cartridge was washed with 1% acidic water to remove sugars, organic acids, and other water-soluble constituents (Dai and Mumper [@CR25]). All processes were repeated four times in order to accumulate sufficient amount of fractions. The same fractions were pooled and evaporated under reduced pressure at 40 °C on a rotary evaporator. Each fraction was redissolved using acetonitrile-methanol (2:1; *v*/*v*). The phenolic content of methanolic fraction was determined with the Folin-Ciocalteu method, and its antioxidant activity was tested by means of DPPH and FRAP.

Fourier transform infrared spectroscopy (FT-IR) {#Sec13}
-----------------------------------------------

Spectra of *S. muticum* enzymatic extracts were determined using a Nicolet iS 5 FT-IR spectrometer (Thermo Scientific) with diamond crystal plates. The spectra were collected with subsequent scanning of samples in triplicate ranging from 4000 to 400 cm^−1^. Dry enzymatic extracts (2 mg) were introduced onto the crystal plate. The spectra were acquired as the percentage of absorbance. The detected peaks were then compared with a standard of phloroglucinol.

High performance liquid chromatography analysis {#Sec14}
-----------------------------------------------

The chromatographic analysis was performed by UltiMate 3000 Rapid Separation LC (RSLC) System consisting of pump, auto-samplers, and diode array detector (DAD-3000RS) with UV--vis detection (Thermo Scientific). The column was a Nucleodur RP C~18~ ec (250 × 4.6 mm i.d., 5 μm) of Macherey-Nagel. The reversed-phase high performance liquid chromatography (HPLC) analysis was performed based on the modified method of Koivikko et al. ([@CR55]) and Sanchez-Camargo et al. ([@CR84]). *Sargassum muticum* enzymatic extracts were eluted by a multistep gradient of solvents A (1 % acid formic in water) and B (acetonitrile). The elution was as follows: 0--20 min, 5 % B; 20--35 min, 20 % B; 35--45 min, 80 % B; and 45--55 min, 0 % B.

Phenolic compounds were detected at 280 nm, while the wavelength was set ranging from 240 to 300 nm. Injection volume was 100 μL with 1 mL min^−1^ flow rate. Internal standard range of phloroglucinol was prepared with concentration ranging from 100 to 800 μg mL^−1^.

Statistical analysis {#Sec15}
--------------------

All results are presented as mean ± standard deviation (SD) with *n* = 3. Analysis of variance (ANOVA) was performed using IBM SPSS Statistics 20. Normality and homogeneity tests were performed on all data. Furthermore, the statistical differences between samples were determined using the Tukey test with significance level at 5 % (*p* \< 0.05). Significant differences showed by each sample tested were labeled as different superscript letters. Principal component analysis (PCA) from the FT-IR spectra of *S. muticum* enzymatic extract was performed to transform a number of potentially correlated variables into a number of relatively independent variables that could be ranked based upon their contribution for explaining the variation of the whole data set (Xu and Hagler [@CR108]).

Results {#Sec16}
=======

Yield of enzyme-assisted extraction {#Sec17}
-----------------------------------

After the extraction, the insoluble phase was separated from the soluble aqueous phase. Only the soluble aqueous phase was studied. Extraction yields are presented in Fig. [2](#Fig2){ref-type="fig"}. There was no significant difference in the yield of enzyme-assisted extraction (*F* (8, 18) = 1.127, *p =* 0.392). In comparison to the aqueous extract (26.5 ± 4.7% of dry algal material), the enzymatic extracts produced higher yield, except for Shearzyme extract (26.2 ± 1.7% dry algal material). Neutrase extract yielded 32.6 ± 4.9% of dry algal material, while Alcalase extract only yielded 28.7 ± 3.5% dry algal material. Second highest yield was obtained from Ultraflo extract, 31.6 ± 4.5% dry algal material. The yield of enzyme-assisted extraction from other enzymes, i.e., AMG, Termamyl, Viscozyme, and Celluclast extracts, ranged between 27.3 ± 0.2 and 30.2 ± 5.2% of dry algal material.Fig. 2Yield of enzyme-assisted extraction of *S. muticum* (there is no significant difference between tested samples, *p* \> 0.05). Aqueous extraction was used as control

Total phenolic content of *S. muticum* enzymatic extracts {#Sec18}
---------------------------------------------------------

Insoluble and soluble TPC of *S. muticum* enzymatic extracts were determined, and results were expressed as percent of dry algal material and are presented in Table [1](#Tab1){ref-type="table"}. For insoluble TPC, all enzymatic extracts showed the same content of phenolic content, i.e., 0.9 % dry algal material. As for control, there was 1.0 **±** 0.0 % dry algal material (data not shown). Despite the low value, this result indicated that there were still some traces of phenolic compound in the residues of *S. muticum* enzymatic extracts.Table 1Soluble total phenolic content, DPPH IC~50~, FRAP, tyrosinase, and elastase inhibition activity of *S. muticum* enzymatic extractsSamplesSoluble TPC ( % of dry algal material)DPPH IC~50~ (mg mL^−1^)FRAP (μM Fe^2+^ Eq)Tyrosinase inhibition activity (% of inhibition)Elastase inhibition activity (% of inhibition)BHA0.008 ± 0.5Vitamin C58.1 ± 0.7Kojic acid67.6 ± 6.5Trypsin inhibitor50.0 ± 0.0BHT0.012 ± 4.8Quecertin42.7 ± 9.4Control2.6 ± 0.0^a^0.7 ± 0.2^a^65.7 ± 1.0^a^14.7 ± 3.1^a^23.1 ± 4.8^ac^Neutrase3.8 ± 0.0^ac^0.9 ± 0.1^a^58.8 ± 0.6^bd^6.6 ± 1.5^b^23.4 ± 3.3^ac^Ultraflo4.2 ± 0.0^ac^2.2 ± 0.9^c^58.4 ± 0.8^b^24.5 ± 2.6^c^24.0 ± 4.2^ac^Alcalase3.8 ± 0.0^ac^1.9 ± 0.3^bc^56.1 ± 3.0^c^10.7 ± 3.5^a^30.9 ± 5.9^ac^Celluclast4.5 ± 0.0^bc^0.6 ± 0.1^a^59.3 ± 1.7^bd^19.9 ± 5.1^a^29.9 ± 0.5^ac^AMG4.8 ± 0.0^bc^0.7 ± 0.3^a^60.8 ± 1.8^ad^15.4 ± 2.3^a^21.6 ± 0.8^a^Shearzyme4.7 ± 0.0^bc^1.0 ± 0.3^ab^58.4 ± 0.7^bd^13.0 ± 0.7^a^32.8 ± 0.9^bc^Viscozyme6.4 ± 0.5^bc^0.6 ± 0.1^a^48.7 ± 0.9^c^23.5 ± 2.6^c^29.7 ± 1.9^ac^Termamyl5.0 ± 0.1^bc^0.8 ± 0.2^a^57.4 ± 1.0^b^14.2 ± 2.5^a^28.7 ± 3.8^ac^Each value represented is mean ± standard deviation (*n* = 3), distinguished by different superscript letters in order to indicate a significant difference (*p* \< 0.05)*IC* ~*50*~ inhibitory concentration 50 %---concentration needed to inhibit 50 % of the reaction, *Eq* equivalent

Statistical analysis showed that there was a significant difference in total phenolic content of *S. muticum* enzymatic extract (*F* (8, 18) = 4.097, *p =* 0.002). Aqueous extracts of *S. muticum* was significantly different from Celluclast, Shearzyme, AMG, Termamyl, and Viscozyme extracts (*p* \< 0.05). Nevertheless, there was no significant difference exhibited in total phenolic content of aqueous, Alcalase, Neutrase, and Ultraflo extracts of *S. muticum* (*p* \> 0.05). Neutrase extract (Fig. [2](#Fig2){ref-type="fig"}) had the highest yield of dry algal material. However, the highest soluble TPC was shown by Viscozyme extract, 6.4 ± 0.5% of dry algal material, followed by Termamyl extract, 5.0 ± 0.1 % of dry algal material. The proteases, i.e., Neutrase and Alcalase, only extracted 3.8 ± 0.0 % of dry algal material. Nevertheless, in comparison with the aqueous extract (2.6 ± 0.0 % of dry algal material), all eight enzymes enhanced the extraction of phenolic compounds in *S. muticum*.

Bioactivities of *S. muticum* enzymatic extracts {#Sec19}
------------------------------------------------

Results for *S. muticum* enzymatic extract bioactivities are presented in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}. Antioxidant activities of *S. muticum* were determined through the free radical scavenging ability and the reducing power by means of DPPH and FRAP analysis. As summarized in Table [1](#Tab1){ref-type="table"}, certain samples showed a significant difference of DPPH IC~50~ compared to aqueous extract (*F* (8, 18) = 8.640, *p* = 0.000). Ultraflo extract of *S. muticum* was significantly different from Shearzyme, Neutrase, Termamyl, AMG, Celluclast, Viscozyme, and aqueous extracts (*p* \< 0.05). Alcalase extract also showed a significant difference towards other extracts (*p* \> 0.05) except for Shearzyme and Ultraflo extracts (*p* \> 0.05).Table 2Antiviral and biofilm inhibition activity of *S. muticum* enzymatic extractSamplesBiofilm inhibition activity (% of inhibition)Antiviral activity*P. aeruginosaE. coli*CC~50~ (μg mL^−1^)EC~50~ (μg mL^−1^)Zovirax\>5000.7 ± 0.3Controln.a.14.7 ± 0.9^a^\>500\>500Neutrase36.1 ± 7.8^a^29.1 ± 10.0^ac^\>500430.1 ± 16.3Ultraflo3.7 ± 2.0^b^32.8 ± 3.7^ac^\>500\>500Alcalasen.a.38.0 ± 7.9^b^\>500225.1 ± 23.3Celluclastn.a.33.8 ± 7.7^a^\>500\>500AMGn.a.43.2 ± 5.9^be^\>500\>500Shearzyme26.9 ± 2.1^b^64.3 ± 10.3^de^\>500\>500Viscozyme43.7 ± 4.2^a^28.8 ± 9.4^a^\>500\>500Termamyl12.4 ± 3.9^b^49.2 ± 13.3^be^\>500\>500Each value represented is mean ± standard deviation (*n* = 3), distinguished by different superscript letters in order to indicate a significant difference (*p* \< 0.05)*CC* ~*50*~ cytotoxic concentration 50 %---a concentration of product generating 50 % of cell viability compared to control, *EC* ~*50*~ antiviral effective concentration---a concentration of product causing 50 % of inhibition of HSV-induced destruction towards the cells, *n.a*. no activity detected

Having low value of IC~50~ indicates that the sample has a strong antiradical DPPH activity. In this case, Viscozyme and Celluclast extracts (0.6 ± 0.1 mg mL^−1^) would be mostly effective against the free radical compared to the other. Ultraflo (2.2 ± 0.9 mg mL^−1^) and Alcalase extracts (1.9 ± 0.3 mg mL^−1^) were extracts with less effective activity against the free radical as shown by their high value of DPPH IC~50~. Nevertheless, free radical scavenging activity of *S. muticum* enzymatic extracts was inferior to the commercial antioxidant BHA and BHT (IC~50~ = 0.008 ± 0.5 and 0.012 ± 4.8 mg mL^−1^).

All samples had significantly different reducing capacity from the aqueous extract (65.7 ± 1.0 μM Fe^2+^ Eq; *F* (8, 18) = 35.288, *p* = 0.000). The most effective reducing capacity was shown by AMG extract in 60.8 ± 1.8 μM Fe^2+^ Eq. On the contrary, Viscozyme extract did not show a strong reducing capacity with only 48.7 ± 0.9 μM Fe^2+^ Eq. The reducing power activity of *S. muticum* enzymatic extracts was still inferior to commercial vitamin C, 58.1 ± 0.7 μM Fe^2+^ Eq. Results are presented in Table [1](#Tab1){ref-type="table"}.

For the tyrosinase inhibition activity of *S. muticum* enzymatic extracts, their activity showed significant difference (*F* (8, 18) = 16.895, *p* = 0.000). Neutrase, Ultraflo, and Viscozyme extracts were significantly different from all extracts (*p* \< 0.05). There was no significant difference between aqueous, Alcalase, Celluclast, AMG, Shearzyme, and Termamyl extracts of *S. muticum* (*p* \> 0.05)*. S. muticum* enzymatic extract effects on tyrosinase enzyme were still low compared to kojic acid (67.6 ± 6.5 % of inhibition) and quercetin (42.7 ± 9.4 % of inhibition)---serving as positive controls. The inhibition activity of *S. muticum* enzymatic extracts ranged from 6.6 ± 1.5 % (Neutrase extract) to 24.5 ± 2.6 % of inhibition (Ultraflo extract).

In elastase inhibition analysis, a significant difference was only showed between the AMG (21.6 ± 0.8 % of inhibition) and Shearzyme extracts (32.8 ± 0.9 % of inhibition) (*F* (8, 18) = 4.231, *p* = 0.05). It seems that AMG extract has the lowest activity while Shearzyme extract had the highest. All *S. muticum* enzymatic extracts showed no significant difference with the control (23.1 ± 4.8 % of inhibition) (*p* \> 0.05). Furthermore, the elastase inhibition activity of *S. muticum* enzymatic extracts was weaker than that of the trypsin inhibitor (50.0 ± 0.0 % of inhibition).

For the biofilm generated from *P. aeruginosa*, there was no sign of inhibition from the control, *S. muticum* enzymatic extracts of Alcalase, Celluclast, and AMG. Ultraflo and Termamyl extract showed weak inhibition with 3.7 ± 2.0 and 12.4 ± 3.9 % of inhibition, respectively. Highest activity was shown by Viscozyme extract with 43.7 ± 4.2 % of inhibition. Shearzyme and Termamyl extract (64.3 ± 10.3 and 49.2 ± 13.3 % of inhibition, respectively) performed strong biofilm inhibition activity formed by *E. coli*. In addition, their activity was significantly better than the aqueous extract, 14.7 ± 0.9 % inhibition. All *S. muticum* enzymatic extracts were less effective in inhibiting the formation of biofilm formed by *P. aeruginosa* compared to *E. coli*, as can be seen in Table [2](#Tab2){ref-type="table"}. Statistical analysis exhibited a significant difference in biofilm inhibition activity of *S. muticum* against *P. aeruginosa* and *E. coli* (*F* (8, 18) = 5.870, *p* = 0.01; *F* (8, 18) = 6.621, *p* = 0.000).

Based on the antibacterial activity of *S. muticum* enzymatic extracts against four pathogenic bacteria, i.e., *S. hominis*, *B. subtilis*, *P. aeruginosa*, and *E. coli*, all samples showed no activity (data not shown). It is suggested that the presence of polysaccharides in raw enzymatic extracts provoked the growth of the bacteria instead of suppressing it. On the contrary, phosphomycin, ampicillin, and streptomycin---antibiotics served as positive control---showed substantial antibacterial activity. Inhibition zone formed by phosphomycin in *S. hominis*, *B. subtilis*, *P. aeruginosa*, and *E. coli* was 1.9 ± 0.1, 1.7 ± 0.1, 0.9 ± 0.1, and 2.2 ± 0.1 cm, respectively. Ampicillin showed inhibition zone of 3.6 ± 0.1, 1.6 ± 0.1, 0.5 ± 0.0, and 1.7 ± 0.1 cm in *S. hominis*, *B. subtilis*, *P. aeruginosa*, and *E. coli*. As for streptomycin, the inhibition zone formed was 3.4 ± 0.1, 1.1 ± 0.2, 2.7 ± 0.1, and 1.8 ± 0.2 cm in *S. hominis*, *B. subtilis*, *P. aeruginosa*, and *E. coli*, respectively.

No cytotoxicity effect of the extracts on the Vero cells was observed in the range of the concentrations assayed. After 3 days of treatment, no microscopically visible alteration of normal cell morphology was observed even at 200.0 μg mL^−1^. As for their potentials as antiviral agent against the HSV-1, only Neutrase and Alcalase extracts showed a potential antiviral activity with EC~50~ at 430.1 ± 16.3 and 225.1 ± 23.3 μg mL^−1^.

Phlorotannin-rich fraction of *S. muticum* enzymatic extract {#Sec20}
------------------------------------------------------------

Semi-purification of *S. muticum* digested with Viscozyme was performed by means of SPE method. The methanolic fraction of Viscozyme extract reached 51.5 ± 0.6 % of dry weight of phenolic content. It showed that there were tenfold phenolic content compared to the raw extract (6.4 ± 0.5 % dry algal material). Antioxidant activity of this fraction was also improved. The value of DPPH IC~50~ was 0.012 ± 0.6 from 0.6 ± 0.1 mg mL^−1^. Reducing power capacity of this fraction also improved to 62.4 ± 2.0 from 48.7 ± 0.9 μM Fe^2+^ Eq.

FT-IR and HPLC analysis of *S. muticum* Viscozyme extracts {#Sec21}
----------------------------------------------------------

A preliminary analysis to detect the presence of phenolic compound in *S. muticum* enzymatic extracts was performed via FT-IR analysis. Figure [3](#Fig3){ref-type="fig"} presents the score plot of *S. muticum* enzymatic extract from the FT-IR spectra: (A) the zone at 1800--600 cm^−1^ and (B) wave numbers that are particular to phenolic compounds (3200--3300, 2930--2945, 1605--1620, 1445--1460, 1075--1090, 920--935, and 865--880 cm^−1^). Figure [2b](#Fig2){ref-type="fig"} shows a slight of grouping between Neutrase, Alcalase, Ultraflo, and aqueous extracts while the others were dispersed. It was assumed that they probably had similar characteristic of phenolic compounds that might be related to the chemical structure or numbers of polymers. Samples that are close to each other are similar in terms of what the components represent, in this case, the phenolic compounds based on the selected wave numbers. Unfortunately, as there were no additional measurable variables, it would be delicate to make further perception concerning the components influencing this similarity.Fig. 3Principal component analysis of *S. muticum*. **a** From all FT-IR spectra (600--1800 cm^−1^). **b** Phenolic compound of enzymatic extraction from the selected FT-IR spectra (865--880, 920--935, 1075--1090, 1445--1460, 1605--1620, 2930--2945, 3200--3300 cm^−1^). *ALC* Alcalase; *AMG* Amyglucosidase, *NEU* Neutrase; *TN* control/aqueous extract, *CEL* Celuclast, *SHE* Shearzyme, *TER* Termamyl, *ULT* Ultraflo, *VIS* Viscozyme

Viscozyme extract was chosen between the eight enzymes as this enzyme had the highest phenolic content based on the Folin-Ciocalteu method. FT-IR managed to detect the presence of phenolic compound based on the identified wavelengths as can be seen in Table [3](#Tab3){ref-type="table"}. The liaison of phenolic compound detected from the raw and purified fraction of Viscozyme extract was at 873.72, 930.47, 1081.72, 1450.96, 2934.75, and 3239.54 cm^−1^. These wave numbers were in accordance to those detected in phloroglucinol (standard) and from previous studies. Additional bonds which were not present in the purified fraction were detected at 1325 and 899.15 cm^−1^ in raw Viscozyme extract, related to the C=CH~2~ and C--H deformation bonds, respectively.Table 3Identified wave numbers of Viscozyme extracts (raw and purified sample) correspond to the phenolic compoundsWave number (cm^−1^)BondsReferences873.72^a^C--H aromaticsHaeuser et al. ([@CR37]), standard (phloroglucinol)887.07^b^899.15^a^C=CH~2~Karunakaran et al. ([@CR50]), Haeuser et al. ([@CR37])930.47^a^Vibration C--O--CSekkal et al. ([@CR89])932.22^b^1081.72^a^C--O stretchGómez-Ordóñez and Rupérez ([@CR36])1075.70^b^1325^a^C--H deformationGómez-Ordóñez and Rupérez ([@CR36]), Sartori ([@CR85])1450.96^a^δ CH~2~--CH~3~ bendSigee et al. ([@CR93])1493.98^b^1618.11^a^C=C cyclicKusumaningsih et al. ([@CR57])1617.51^b^2934.75^a^C--H stretchAhn et al. ([@CR4]), Girija et al. ([@CR35])2935.76^b^3239.54^a^O--H stretchStandard (phloroglucinol)3227.27^ba^Raw hydrolysate^b^Purified hydrolysate

Chromatogram of HPLC from purified fraction of Viscozyme extract is presented in Fig. [4](#Fig4){ref-type="fig"}. Based on the HPLC analysis, Viscozyme crude extract of *S. muticum* contained a compound with the same characteristic as phloroglucinol. This was due to the peak that was detected at the same retention time as phloroglucinols as shown in Fig. [4a](#Fig4){ref-type="fig"} Peak of phloroglucinols was detected at 280 nm. Figure [4b](#Fig4){ref-type="fig"} presents the detected peak of phloroglucinol-like compound in purified Viscozyme extract. As can be seen from this figure, the peaks were well separated one to each other, indicating that the purification method applied, i.e., SPE, managed to purify the phenolic compounds. In addition, the chromatogram method successfully elucidated the compound.Fig. 4Chromatogram of *S. muticum* from HPLC analysis. **a** *S. muticum* Viscozyme raw extract overlaid with phloroglucinol detected at 280 nm. **b** Purified fraction of *S. muticum* Viscozyme extract shows a well-separated fraction that is previously assumed to have aromatic rings same as phloroglucinol

Discussion {#Sec22}
==========

The focus of this study was to evaluate the bioactivity of *S. muticum* phenolic compound obtained after enzymatic-assisted hydrolysis. This process has been relatively well-known for the past few years as an alternative method to extract the bioactive compounds (Athukorala et al. [@CR9]; Charoensiddhi et al. [@CR22]; Sanchez-Camargo et al. [@CR84]) from algae. EAE is an environmentally friendly extraction method known by its high efficiency and reduced solvent consumption and time. It has been reported to be effective in releasing the bounded compound, increasing the overall yield (Rosenthal et al. [@CR82]), and removing the barriers of water solubility and insolubility for bioactive compounds (Wijesinghe and Jeon [@CR107]; Kadam et al. [@CR46]). Efficiency of EAE particularly depends on the maintenance of its optimal conditions including time and temperature during the process to maximize the extraction yield (Jeon et al. [@CR45]; Wijesinghe and Jeon [@CR107]).

Eight commercial enzymes consisted of two proteases (Neutrase and Alcalase) and six carbohydrases (Ultraflo, Celluclast, AMG, Termamyl, Shearzyme, and Viscozyme) were used to release the phenolic compounds from *S. muticum*. Enzymes used in this study were proven to be effective in increasing the yield of extraction in comparison with water extraction, except for Shearzyme. Furthermore, they have been mostly used in brown algae (Heo et al. [@CR40]; Ahn et al. [@CR2]; Heo et al. [@CR41]; Athukorala et al. [@CR9]; Kim et al. [@CR52]; Je et al. [@CR44]; Sanchez-Camargo et al. [@CR84]). Highest yield was obtained from *S. muticum* digested with Neutrase, one of proteolytic enzymes, though the value was not significantly different from the other enzymes and water extraction. Enzymes from the protease group have been reported from several studies as an effective enzyme in enhancing the extraction yield in *Ishige okamurae*, *Sargassum coreanum*, *Sargassum fulvellum*, *Sargassum thunbergii*, and *Scytosiphon lomentaria* (Heo et al. [@CR40]; Wang et al. [@CR105]; Hardouin et al. [@CR39]). Nevertheless, the proteolytic enzymes yielding the highest as reported by previous studies were different from the present one; they were Flavourzyme and Alcalase (Heo et al. [@CR40]). Protamex yielded 19% of dry material for *S. fulvellum*, meanwhile for *S. horneri*, *S. coreanum*, and *S. thunbergii* extracted with Alcalase had 30--40% of extraction yield. In addition, *S. coreanum* extracted with Protamex contained 9.9 mg g^−1^ algal material of phenolic content, while Viscozyme extract had 11 mg g^−1^ of algal material. The highest phenolic content in *S. horneri*, *S* *. fulvellum*, and *S. thunbergii* came from the Alcalase extract with 5.3, 3.6, and 4.16 mg g^−1^ (Heo et al. [@CR40]). In the present study, the highest phenolic content was also shown by Viscozyme extract of *S. muticum* with almost 6% of phenolic (6 mg g^−1^). Variety in phenolic content obtained from this study and previous one might be due to the different condition of extraction that was applied, i.e., temperature and concentration of enzyme, and also the type of species. It leads to an assumption that the structural heterogeneity and various amounts of algal polysaccharides---alginates, fucoidans, and laminarian in the case of brown algae (Rhein-Knudsen et al. [@CR80]), may influence the efficiency of enzymatic degradation. It is possible that the relative amount and sequence distribution of mannuronic (M) and guluronic (G) residues are two main factors affecting the extraction process since these are the main components in brown algal cell wall constituted as alginates. Mannuronic acids form β-1,4 linkages giving MM blocks a linear and flexible conformation. Meanwhile, guluronic acids generate α-1,4 linkages and introduce a steric hindrance around the carboxyl groups, thereby providing a folded and rigid structure, ensuring the stiffness in the polymer chain (Draget et al. [@CR27]). M/G ratio of *Sargassum* alginates varies from 0.8 to 1.5 (Andriamanantoanina and Rinaudo [@CR7]).

Most of the temperatures suggested for the extraction of marine plant phenolic compounds are below 60 °C (Tanniou et al. [@CR101]; de Andrade et al. [@CR6]; Ismail and Abdullah [@CR43]). This is due to phenolic compounds being easily degraded because of high temperature. Nevertheless, there are several studies that tested the extraction of phenolic compound using temperature above 60 °C depending on the method and type of solvents that were applied for the extraction (Siriwardhana et al. [@CR95]; Park et al. [@CR76]; Shitanda et al. [@CR92]). For marine algae, their maceration into a high level of heat might accelerate the extraction process as the heating softens the tissues and facilitate the depolymerization of polysaccharides (Siriwardhana et al. [@CR95]), phenol-protein, and phenol-polysaccharide linkages (Tan et al. [@CR100]). As shown by Siriwardhana et al. ([@CR95]), the brown alga *Hizikia fusiformis* extracted in water at 100 °C for 60 min yielded 4.65 % phenolic content, while at 25, 50, and 75 °C, it was only 1.40, 2.02, and 2.74 % of dry algal material, respectively. An elevated temperature may also help the solvents to reach the sample matrices as the viscosity and the surface tension of the solvents are decreased. In addition, it facilitates the solubility of analytes and promotes higher mass transfer rate (Dai and Mumper [@CR25]). Using high temperature will be mostly compatible with water as solvent, since water becomes a strong source of hydronium (H~3~O^+^) and hydroxide (OH^−^) ions, which can catalyze reactions, including hydrolysis of polysaccharides and proteins into smaller molecules. These molecules are more susceptible to react (Sereewatthanawut et al. [@CR90]). Organic solvents such as methanol, acetone, and many others tend to evaporate at high temperatures (approximately \>50 °C); thus, their efficiency decreases due to the shifting of solvent-to-water ratio leading to the change of sample-to-solvent ratio (Tan et al. [@CR100]). As reported by Dai and Mumper ([@CR25]), besides temperature, the sample-to-solvent ratio is another one of the crucial factors that influence the yield of chemical extraction.

Antioxidative capacity of phlorotannins, phenolic compounds of brown algae, might also be degraded due to their heat and light sensitivity. The chemistry behind total phenolic assay like Folin-Ciocalteu assay relies on the transfer of electrons from phenolic compounds and other reducing species to molybdenum, forming blue complexes that can be detected spectrophotometrically. It is obvious that other reducing species besides phenolic compounds can also be involved in transferring the required electron (Plaza and Turner [@CR77]). Higher phenolic content from the enzymatic extracts of *H. fusiformis* result from the study by Siriwardhana et al. ([@CR95]) is likely due to the reaction of other molecules, such as polysaccharides and proteins. In addition, these molecules are suggested to contribute in the antioxidant activity of *H. fusiformis. Hizikia fusiformis* is regarded as a taxonomic synonym of *S. fusiforme* (Harvey) Hetchell (Stiger et al. [@CR98]). Therefore, it implies that the antioxidant activity in *S. muticum* enzymatic extract might also be due to the presence of polysaccharides and proteins.

In relation to algae, the introduction of the enzyme followed by heat treatment can further hydrolyze proteins and laminarin (Siriwardhana et al. [@CR95]). Soluble phlorotannins---phenolics of brown algae---are stored in cell organelles, called physodes observed in the cytoplasm of brown algae (Schoenwaelder [@CR87]). It is suggested that phlorotannins transformed into components of algal cell wall when physodes fuse with the cell membrane and the phlorotannins get secreted into the cell wall, complexing with alginic acid (Arnold and Targett [@CR8]). Phlorotannins are also known to form strong complexes with proteins (Stern et al. [@CR97]). As a consequence, enzyme facilitates the breaking of such complex linkages and this process results in liberating more phenolic compound to the solvents. However, it is important to note that high temperature had an adverse impact on the enzymes but the same case applies for the phenolic extraction (Wijesinghe and Jeon [@CR107]). This is due to the instability of phenolic compounds as the elevated temperature stimulates a degradative reaction which is the oxidation of compound resulting in a decrease of phenolic yields (Dai and Mumper [@CR25]). In summary, the temperature of EAE applied in this study was more favorable and suitable for the extraction of phenolic compound. In addition, this method offers a softer condition compared to other methods that apply higher temperatures as previously described.

This study reveals that the phenolic content of *S. muticum* extracted with carbohydrases was higher compared to the proteases. It leads to an assumption that the carbohydrases disrupt the algal cell wall and release the metabolites linked to the polysaccharides, in this case the phenolic compounds. It is also possible that the phenolic compounds of brown algae are mostly attached to the alginates instead of proteins. As mentioned by previous studies, the phenolic compounds are not only covalently attached to the proteins but also to the alginates (Deniaud-Bouet et al. [@CR26]). The enzymatic degradation of alginate fractions always releases a significant amount of phenolics since phenolic substances form high molecular weight complexes with alginates due to oxidation with haloperoxidases (Bitton et al. [@CR15]). This type of linkage serves as structural component constituting the brown algal cell wall. Phenolic cross-linking of alginate may be an integral part of initial wall formation as shown in the *Fucus* zygote (Arnold and Targett [@CR8]).

From eight commercial enzymes used, Viscozyme---one of the carbohydrases---yielded the highest phenolic content. Viscozyme was also reported effective in extracting the phenolic content of *Ecklonia cava* (Laminariales, Lessoniaceae) and *S. coreanum* (Heo et al. [@CR41]). The result in this study was also in accordance with previous study conducted by Sanchez-Camargo et al. ([@CR84]). They reported that *S. muticum* digested with Viscozyme had a higher content of phenolic compounds compared to Alcalase. However, the efficiency of Viscozyme in extracting the phenolic content from the brown algae works differently in every species. Siriwardhana et al. ([@CR94]) studied the effect of different commercial enzymes in antioxidant activity of *Hizkia fusiformis*. Based on their result, combination of Alcalase and Ultraflo showed the highest content of phenolic compound. Alcalase also enhanced the phenolic content of *S. thunbergii*, *S. horneri*, *S. fullvelum*, and *I. okamurae* (Heo et al. [@CR41]). The difference in the response obtained in this study compared with others might be due to the optimum conditions that were applied (pH, temperature and time, and/or the carbohydrate compositions in different species leading to different mechanism of breakdown).

From the results of the bioactivities assay presented in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}, it is apparent that the eight enzymatic extracts of *S. muticum* showed different levels of potential. It indicates that the extracted phenolic compound might function differently in responding to the test applied. In addition, it is also important to consider the possibility of an intervention from other compound as in this study the enzymatic extracts tested were all crude material.

The phenolic compounds are compounds with monomeric, oligomeric, or polymeric rings with an aromatic ring having one or more hydroxyl substituents (Balboa et al. [@CR11]). Phlorotannins belonging to the phenolic compounds are exclusively found in brown algae. They have been known as a promising and strong antioxidant agent since they have up to eight interconnected rings of hydroxyl groups (Wang et al. [@CR104]). The phenolic group is known as an excellent hydrogen donor forming hydrogen bonds with the carboxyl group of protein (Ozdal et al. [@CR73]). Later, the existence of these hydroxyl groups provides the molecule with the ability of donating a proton to radical leading to its role as a possible chain breaking molecule or antioxidant upon secondary oxidation (Franco et al. [@CR32]).

Phenolic compounds are one of the compounds that can upregulate the expression of antioxidant enzymes for examples the superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and reductase (GR). The different types of bioactivity chosen in this study were intended for the possibilities of phenolic compounds to be further applied in the nutraceuticals, cosmeceuticals, and painting industries. Therefore, the antioxidant activity of brown algae is strongly related to their phenolic content. As in this study, *S. muticum* digested with Viscozyme had strongest antiradical activity indicated by the low value of IC~50~. Reducing the particle size can increase the extraction rate and the yield of phenolic compounds that can be achieved by grinding and enzyme-assisted extraction (Franco et al. [@CR32]).

*S. horneri* digested with AMG, Celluclast, Termamyl, Ultraflo, and Viscozyme was reported to show DPPH radical scavenging activities at 25 μg mL^−1^ (Park et al. [@CR74], [@CR75]). Heo et al. ([@CR41]) also studied the antioxidant activity via DPPH assay of *S. horneri* enzymatic extracts. However, their results showed that the Viscozyme, Celluclast, AMG, and Ultraflo extracts with final concentration 2 mg mL^−1^ did not show any inhibition. Instead, the Termamyl extract of *S. horneri* showed 11.2 % inhibition. This activity was poor compared to the commercial standard BHA and BHT with 87 and 56 % inhibition, respectively. The same authors also reported that the antiradical activity of *S. fullvelum*, *S. coreanum*, and *S. thunbergii* extracted with carbohydrate enzymes also showed weak activity ranging from 4 to 38 % compared to the standards. This suggests that there is an interindividual and interspecies variation affecting the performance of antioxidant activity.

The antioxidant effects of *S. muticum* enzymatic extract might also be due to the presence of polysaccharides. The heterofucans of *Sargassum filipendula* have been reported to show antioxidant activity such as hydroxyl and superoxide radical scavenging, chelating effects on ferrous ions, and reducing powers in active concentration at 2 mg mL^−1^ (Costa et al. [@CR24]). Lim et al. ([@CR65]) in their study concerning the antioxidant effects of *S* *argassum binderi* also reported that the antiradical effect of this sample was at 2 mg mL^−1^. It indicated that their antioxidant activity was weaker in comparison to the commercial standard, BHA, BHT, and ascorbic acid with 6.0 × 10^−4^, 9.6 × 10^−4^, and 3.5 × 10^−4^ mg mL^−1^. However, it had performed high superoxide (compared to commercial food-grade fucoidan, BHA, and BHT) and hydroxyl radical scavenging activities (compared to BHT) (Lim et al. [@CR65]). The ability of *Sargassum graminifolium* polysaccharides to inhibit 50% of superoxide anions scavenging and antiradical activities was at 1.9 and 0.6 mg mL^−1^, respectively (Zhang et al. [@CR111]).

Tyrosinase is a metalloenzyme oxidase catalyzing two distinct reactions of melanin synthesis. Melanin helps to protect skin from the damaging ultraviolet radiation of the sun. However, elevated concentrations of melanin in the skin can result in hyperpigmentation such as freckles and moles (Kang et al. [@CR48]). While tyrosinase is responsible for skin pigmentation, elastase is a proteinase enzyme capable of degrading elastin. Elastin is an extracellular matrix protein providing elasticity to the connective tissues. It forms elastic fiber in skin dermis having an influence on skin elasticity (Kim et al. [@CR53]; Moon et al. [@CR71]). Therefore, inhibition of tyrosinase and elastase activities become a method to protect against skin aging (Kim et al. [@CR53]; Chang [@CR21]). There is interest in the potential of marine algal bioactive compounds in cosmeceutical industries related to their tyrosinase and elastase inhibition activities. In the case of phlorotannins, many studies have reported their potential in inhibiting the tyrosinase activity. Dieckol, isolated phlorotannins from the brown alga *E. cava*, has been examined for its inhibitory effects on mushroom tyrosinase. Dieckol was capable to inhibit the mushroom tyrosinase with IC~50~ 20 μM and it showed no cytotoxicity (Kang et al. [@CR48]). 7-Phloroekol of *E. cava* has been observed to have an inhibitory effect on mushroom tyrosinase at 50 μg mL^−1^. This compound was isolated from the ethanol extract of *E. cava* (Yoon et al. [@CR110]). These examples provide knowledge concerning the tyrosinase inhibition activity from marine brown algal phlorotannins. Some results presented in the present study are in accordance with previous studies as previously mentioned. Polyphenol extracts of *S. muticum* extracted in different commercial enzymes showed interesting results regarding the tyrosinase and elastase inhibition activities. Attention was given to the tyrosinase inhibition activity; *S. muticum* Neutrase extract demonstrated the highest activity at 41 % compared to other enzymes. Accordingly, this result indicates another promising potential of enzymatic extracts of *S. muticum* polyphenol in the point of view of cosmeceutical industry.

Enzymatic extracts of *S. muticum* polyphenol did not show expected result against bacteria, as they did not demonstrate any antibacterial activity. It is suspected that the presence of sugar could contribute to the growth of bacteria in the media. However, this assumption will need further verification by evaluating the purified enzymatic extract of *Sargassum* polyphenol. It has been demonstrated that purified phlorotannin showed potent inhibition of cell membrane integrity as well as cell metabolism against *Trichophyton rubrum* (Eom et al. [@CR29]). Phlorotannins from *Ecklonia kurome* were active against food-borne pathogen bacteria. Interaction between protein and brown algal phlorotannin has been considered to play important role in bactericidal action of purified phlorotannins (Ahn et al. [@CR3]). Even though the enzymatic extract of *Sargassum* polyphenol did not show antibacterial activity, biofilm inhibition activity demonstrated the opposite result. It seems that polyphenol of *Sargassum* enzymatic extracts was more active against biofilm formation. This contradictive result is caused by different mechanism of inhibition. In antibacterial activity, the mechanisms of inhibition are most likely thought to rely on inhibition of extracellular microbial enzymes, deprivation of substrates required for microbial growth, or direct inhibition of oxidative phosphorylation (Scalbert [@CR86]). Regarding biofilm inhibition activity, two main mechanisms have been proposed, i.e., direct inhibition of bacterial settlement or survival of the macrofouler larvae and regulation of macrofouler growth, which in turn affects larval settlement of the macrofoulers (Avelin Mary et al. [@CR10]). Some studies have reported the promising potential of brown algal polyphenol compound as antifouling agent. Water extract of *S. vulgare* polyphenol from its pneumatocysts presented 75 to 99 % inhibition of mussel *Perna perna* attachment. Polyphenol from leaflets of *S. vulgare* had 67 to 80 % inhibition of byssal adhesion (Plouguerné et al. [@CR79]). Phlorotannin extract of *S. tenerrimum* had EC~50~ of larval settlement inhibition of *Hydroides elegans* at 0.526 ppm. It indicated that this extract was effective in inhibiting the settlement of *H. elegans* larval attachment (Lau and Qian [@CR59]).

Antiviral effects of brown algae are usually shown by their polysaccharides as explained by previous studies (Ahn et al. [@CR4]; Lee et al. [@CR62]; Elizondo-Gonzalez et al. [@CR28]). However, for the past few years, several studies concerning the antiviral effects of brown algae phlorotannins have appeared. Ahn et al. ([@CR3]) reported an inhibitory effect of 8,8′-bieckol and 8-4″-dieckol isolated from *E. cava* on HIV-1 reverse transcriptase and protease in vitro. Phloroglucinol, eckol, 7-phloroeckol, phlorofucoroeckol, and dieckol isolated from *E. cava* were effective against porcine epidemic diarrhea coronavirus at concentration ranging from 10.8 to 14.6 μM (Wang et al. [@CR103]). Ethyl acetate fractions of phlorotannins from brown algae *Eisenia bicyclis* (Lessoniaceae) have been reported to show antiviral effects against genital human papilloma virus (HPV) at 50 μg mL^−1^ (Kim and Kwak [@CR51]). Dichloromethane/methanol extract of *S. cymosum*, *S. polyceratium*, *S. vulgare*, *Padina gymnospora*, *Lobophora variegata*, *Dictyopteris delicatula*, *Sictyota menstrualis*, and *Stypodium zonale* demonstrated herpes simplex virus-1 (HSV-1) inhibition activity with percentage of inhibition ranging from 20 to 96 % at 400 μg mL^−1^. Spectroscopic analysis of these crude extracts detected the presence of polyphenol compounds along with other active compounds like the halogenated sesquiterpenes obtusol, elatol, meroditerpenoid atomaric acid, triacylglycerols, and fatty acids (Soares et al. [@CR96]). Out of eight, only two enzymatic extracts were found to be effective against the HSV-1; they were *S. muticum* digested with Neutrase and Alcalase. Result in this study regarding the antiviral effect of *S. muticum* enzymatic extract seems to be different from the previous studies. Out of eight, only two enzymatic extracts were found to be effective against the HSV-1; they were *S. muticum* digested with Neutrase and Alcalase. However, the antiviral effects of these two enzymatic extracts might not be provoked by the phlorotannins since the Viscozyme extract of *S. muticum* with high content of phenolic compound did not show any antiviral activity. It is possible that the presence of other compounds such as protein and polysaccharides that are in the enzymatic extracts is involved in disrupting the viral cells. As part of brown algal cell wall, phlorotannins are known to form a complex linkage with alginates and proteins. Early characterization by FT-IR has confirmed the presence of carbohydrates and proteins in *S. muticum* raw extracts. Zone 1800--600 cm^−1^ that was selected for PCA is the type that is usually used for polysaccharides and protein studies in algae (Rodrigues et al. [@CR81]).

In tyrosinase, elastase, and biofilm inhibition activity as well as antiviral effects of *S. muticum* enzymatic extract, other compounds aside from polyphenol might also contribute to these bioactivities such as polysaccharides and proteins. To our best knowledge, there have not been any reported studies concerning the tyrosinase, elastase, biofilm inhibition, and antiviral activity of polyphenol from enzymatic extracts.

The semi-purification fraction of *S. muticum* Viscozyme extract yielded an important percentage of phenolic compounds assumed to be phlorotannins. The antiradical and the reducing capacity of the semi-purified fraction was also improved compared to the raw enzymatic extract. This result suggests that the antioxidant activity shown by *S. muticum* enzymatic extract is generated by the presence of phenolic compounds. This suggestion is supported by FT-IR (Table [3](#Tab3){ref-type="table"}) and HPLC analysis (Fig. [3](#Fig3){ref-type="fig"}) that detects the presence of peaks corresponding to phloroglucinol.

FT-IR detects other peaks that appear to be correlated with phenolic bonds characterized by its aromatic and hydroxyl groups with the detection of C--H aromatics, C--O--C vibration, C--O stretch, and C=C. The characteristic of phenolic compounds lies on its aromatic ring (1260, 1620, 2970, and 2850--2970 cm^−1^) and hydroxyl group (3415 cm^−1^) (Ganapathi et al. [@CR34]). However, a protein bond is also exposed through this analysis by the presence of amide bond either in the raw or semi-purified enzymatic extracts. On the contrary, the purification method has successfully removed the cellulose and mannuronic acid. Due to the lack of semi-purified extracts, it was impossible to characterize them using mass spectrometry. This will be performed in future work to help to identify the group of phlorotannins that exists in *S. muticum* extracted with enzyme.

This study has demonstrated that the application of enzymes in extracting the phenolic compound in *Sargassum* is quite effective. Based on the results presented in this study, different enzymes used give various results concerning the total phenolic content and their bioactivity. Among the eight enzymes, Viscozyme releases higher content of phenolic compounds and are correlated with strong antiradical activity. This might be supported by the optimum conditions provided, i.e., 50 °C for 3 h, during the extraction process, which is favorable for the Viscozyme, extract activity. Since phenolic compounds are sensitive to heat and easily oxidized by the exposure of light, it is strongly recommended to apply a mild temperature between 40 to 60 °C. Besides the extraction condition, in the case of phenolic compound, it is important to take the period of collection into further consideration. As commonly known, the production of phenolic compound is mostly stimulated by their environmental condition, such as the presence of grazer and direct exposition to sunlight. As a result, the content will vary according to the season.

Another important note to take is that by using enzymes, the active molecules released might not exclusively come from the phenolic groups. It is possible that it also extracts other molecules since the objective of this method is to degrade algae cell walls. Therefore, it will not be surprising that the fucoidan and protein might be responsible for the bioactivity of *S. muticum*. As a consequence, it will be interesting to further work on the purified samples pretreated by the enzyme-assisted extraction in the future. In addition, the characterization of *S. muticum* phenolic compound might help in understanding more about the mechanisms of their bioactivity.
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